ruptured intracranial aneurysms. 4 While IPR was more common in the microsurgical cohort (18.6% vs 5.4%), periprocedural death or disability was more common in patients who suffered IPR during coil embolization (63% vs 31%). 4 Therefore, while the overall risk of an IPR event is lower with coil embolization, the consequences of this complication are more profound in this setting. Several retrospective studies and meta-analyses have examined risk factors for aneurysm rerupture during endovascular coiling, techniques for IPR management, and radiographic and neurological outcomes following IPR. 2, 13, 14, 17, 21, 24 No study, however, has reported comparative rates of vasospasm or need for CSF diversion in patients who suffer IPR versus those who do not. The purpose of this study was to evaluate the effect of IPR during endovascular coil embolization of ruptured intracranial aneurysms with consequent rehemorrhage and contrast extravasation on vasospasm, requirement for temporary or permanent CSF diversion, and long-term functional neurological outcomes.
Methods

Patients and Data collection
Following approval by the Massachusetts General Hospital (MGH) institutional review board, the records of 563 patients admitted to MGH with subarachnoid hemorrhage (SAH) between January 2007 and January 2014 were retrospectively reviewed. Among these 563 patients, 156 adults with SAH from a previously untreated, ruptured, saccular intracranial aneurysm treated with coil embolization were identified. Twelve of these patients experienced an IPR during treatment with documented contrast extravasation on postprocedural CT head imaging ( Fig. 1A-D) . The study sample was collected by reviewing the MGH cerebrovascular surgery and radiology databases for endovascularly treated ruptured aneurysms within the study period. All historical, clinical, radiographic, and follow-up information was obtained from the electronic medical record.
The following data were collected: age; gender; medical and social history; aneurysm location and size; Hunt and Hess grade; modified Fisher grade;
5 Barrow Neurological Institute (BNI) grade; 23 requirement for and length of temporary CSF diversion; intraprocedural complications and management during coil embolization; maximum transcranial Doppler (TCD) velocity in any vessel; maximum Lindegaard ratio; presence of vasospasm on CT, MR, or catheter angiography; presence of symptomatic vasospasm; requirement for endovascular intervention for vasospasm; requirement for VP shunting; and modified Rankin Scale (mRS) scores on admission, at 1 year, and at last follow-up.
Patients with follow-up mRS scores of 0-2 were considered to have a good clinical outcome from treatment. If the prehemorrhage mRS score was 3-5, a patient was also considered to have a good outcome from treatment if the mRS score remained the same at the time of last follow-up.
Subarachnoid hemorrhage Management
All aneurysms were secured within 36 hours of presentation, and all patients were cared for in a dedicated neurosciences intensive care unit (ICU) according to a standardized SAH protocol. 3 Patients with clinical or radiographic hydrocephalus or with admission Hunt and Hess grades ≥ III underwent external ventricular drain (EVD) placement for CSF diversion and intracranial pressure (ICP) monitoring. EVDs were managed according to a previously published protocol. 11 Phenytoin or levetiracetam was administered until the aneurysm was secured and continuous electroencephalography demonstrated no seizure activity. All patients received oral nimodipine for vasospasm prevention and underwent daily TCD ultrasonography for vasospasm detection. CT or MR angiography was performed if patients had elevated or rising TCD values or demonstrated a change in neurological status thought to be attributable to vasospasm. Catheter angiography with or without pharmacological or mechanical intra-arterial vasodilation was performed in patients with CT or MR angiographic vasospasm or patients in whom there was a high clinical suspicion for vasospasm despite negative findings on CT or MR angiography. All patients with vasospasm received hypertensive and hypervolemic therapy prior to initiation of endovascular intervention.
Vasospasm
Vasospasm was defined as new or progressive intracranial arterial narrowing (mild, moderate, or severe) identified on catheter or CT angiography. 20, 23 Elevated TCD blood flow velocity measurements often prompted vascular imaging, but sonographic data were not used to define vasospasm. Symptomatic vasospasm was defined as neurological symptoms referable to a region of angiographic vasospasm in the absence of alternative explanations. The determination of symptomatic vasospasm was made during the patient's hospital stay in a nonblinded manner by the staff neurosurgeon (C.S.O.) and neurocritical care physician of record.
Diagnosis and Management of iPr
Intraprocedural rerupture was diagnosed by direct fluoroscopic visualization of contrast extravasation from the aneurysm sac with or without an endovascular device outside the limits of the aneurysm. If the balloon-assisted technique was used, the balloon was inflated immediately upon suspected aneurysm rerupture to seal the aneurysm neck. Coils were deployed rapidly to achieve dome protection. In select cases, heparin was reversed with the administration of protamine sulfate. If an EVD was in place, CSF was drained to maintain normal ICP. Mannitol or 23.4% hypertonic saline was administered for ICP control as necessary, and systolic blood pressures (SBPs) were maintained at less than 140 mm Hg during the rerupture period. Postprocedural noncontrast CT imaging was obtained in all cases. An EVD was placed as necessary for hydrocephalus or poor neurological status.
Statistical analysis
Descriptive statistics were calculated for clinical and radiographic factors, using the median as a measure of central tendency. A univariate analysis of clinical characteristics and outcomes was performed. Comparisons of continuous variables with nonnormal distributions were made using the nonparametric Mann-Whitney U-test. Contingency statistics on categorical variables were performed with the Fisher exact test. All statistical tests were two-sided and p < 0.05 was prospectively determined to establish statistical significance. All analyses were performed using GraphPad version 6 (Prism).
results
Patient Demographics
One hundred fifty-six patients were analyzed, 12 of whom experienced an IPR event (7.7%) during treatment. All patients had previously untreated, ruptured, saccular aneurysms. Table 1 summarizes the demographic details of this cohort. The median age was 60.2 years, and 72.4% of the cohort was female. A history of smoking and hypertension was confirmed in 69 (44.2%) and 72 (46.2%) patients, respectively. Prehemorrhage mRS classifications demonstrated a significantly greater proportion of patients with mRS 0 in the IPR cohort (91.7% vs 60.4%, p = 0.03). However, the two cohorts were similar when patients were stratified by clinical grade (mRS 0-2 = good, 3-5 = fair/poor) prior to SAH (91.7% [IPR] vs 94.4% [no IPR], p = 0.52). The median length of follow-up for the entire cohort was 16.1 months. Length of follow-up did not differ significantly between the study groups. Table 1 summarizes the distribution of admission Hunt and Hess, modified Fisher, and BNI grades in addition to aneurysm location and size and need for CSF diversion among patients in the study cohort. Admission Hunt and Hess grade classifications showed a significantly greater proportion of patients with a Grade II status in the IPR cohort (50% vs 18.8%, p = 0.02); however, the two groups were similar when patients were classified by clinical grade (Hunt and Hess Grade I-II = good; III-V = fair/ poor) upon admission (58.3% [IPR] vs 47.9% [no IPR], p = 0.56). Modified Fisher and BNI grades on presentation were similar across all grades between those who suffered an IPR and those who did not.
Subarachnoid hemorrhage characteristics
The most common location for aneurysms treated with coil embolization in this series included the anterior communicating artery (41.7%), posterior communicating artery (23.7%), and basilar artery apex (14.7%). The median aneurysm size was 6.0 mm. There were no significant differences in aneurysm location or size between the two study groups.
EVDs were placed in a total of 95 patients (60.9%), with a greater proportion of patients with an IPR requiring CSF diversion and ICP management (91.7% vs 58.3%, p = 0.02). Similarly, postprocedural EVDs were placed more frequently in the IPR cohort (36.4% vs 7.1%, p = 0.01). There was no difference in the overall length of EVD use between the two cohorts. Table 2 summarizes the details of the IPR events. One aneurysm rupture occurred during guidewire and microcatheter navigation, while the other 11 ruptures occurred during coil deployment. The balloon-assisted technique was used in 2 cases. In 6 cases, a hemodynamic response (elevated ICP and/or elevated SBP) was observed. To prevent continued aneurysm rupture, protamine sulfate was given for heparin reversal in 2 cases, while additional coils were rapidly deployed for dome protection in all cases. On postprocedural CT imaging, the pattern of new hemorrhage and/or contrast extravasation was classified as focal in 2 cases and diffuse in 10 cases.
intraprocedural rerupture Management
in-hospital and long-term Outcomes
Similar to the need for temporary ventricular drainage, a significantly greater proportion of patients in the IPR cohort required VP shunt placement for permanent CSF diversion due to hydrocephalus (50% vs 18.8%, p = 0.02). While there was a trend toward a greater incidence of angiographic vasospasm in the IPR cohort (58.3% vs 32.6%), the difference was not statistically significant (p = 0.10). There was no difference in the rate of endovascular treatment for vasospasm between the two groups. Compared with those patients who did not suffer IPR during aneurysm treatment, patients with an IPR event experienced symptomatic vasospasm postprocedurally at a higher rate (50% vs 18.1%, p = 0.02). In addition, patients in the IPR group had a median length of stay of 21.5 days, while those without an IPR had a median length of stay of 15.0 days (p = 0.04). The rate of in-hospital SAH-asso- Despite the statistically significant differences in in-hospital outcomes, there were no significant differences in the distribution of mRS scores or clinical grades between the 2 cohorts at the time of last follow-up. Table 3 lists the in-hospital and long-term outcomes for all patients. Seven (58.3%) of 12 patients who suffered an IPR event were classified as Hunt and Hess Grade I or II on admission. Following aneurysm rerupture during treatment, the Hunt and Hess grade remained I or II in only 2 (16.7%) of these 12 patients (p = 0.04), indicating a significant decline in neurological status following IPR. Figure 2 illustrates the distribution of Hunt and Hess grades before and after coil embolization with IPR.
Discussion
Since the introduction of Guglielmi detachable coils (GDCs) to clinical practice in 1995, endovascular coil embolization has emerged as the predominant treatment modality for most ruptured intracranial aneurysms. Analysis of the Nationwide Inpatient Sample demonstrates an increase in the frequency of coil embolization for aSAH from 7%-22% in 2001 to 54%-69% in 2009 across all age categories. 1 This upward trend is largely due to the reports of ISAT and BRAT, which showed that 1 year after treatment there were 6.9% and 13.5%, respectively, fewer dependent or dead patients in the cohorts treated with endovascular coiling as opposed to microsurgical clipping for ruptured aneurysms. 1, 15, 16 Given the increased frequency of coil embolization in modern practice, a detailed understanding of potential complications and their consequences is necessary. Overall, aneurysm rerupture during endovascular treatment is an uncommon event, with both CARAT and ISAT reporting a 5.4% IPR rate and Cloft and Kallmes reporting a 4.1% rerupture rate. 2, 4, 16 Despite its low occurrence, the likelihood of periprocedural death or disability has been documented to be as high as 63%. 2, 4 In this report, we present a cohort of 156 patients with aSAH treated with coil embolization, and demonstrate an increase in rates of symptomatic vasospasm, requirement for temporary and permanent CSF diversion, and overall length of hospital stay in those patients who suffer aneurysm rerupture with contrast extravasation during endovascular treatment.
Vasospasm and hydrocephalus are significant causes of morbidity and mortality following aSAH, with 20%-30% of patients developing symptomatic vasospasm and approximately 10% of patients requiring VP shunt placement for treatment of hydrocephalus. 8, 22 Outcomes in our cohort of uncomplicated coil embolizations for aSAH parallel these national data. However, for patients in whom an IPR occurred, rates of symptomatic vasospasm and EVD and VP shunt placement were significantly increased. Although numerous studies have analyzed the complication of IPR during coil embolization of ruptured intracranial aneurysms, 2 this is the first report in the neurosurgical literature to demonstrate an increased risk of symptomatic vasospasm and hydrocephalus in patients who experience IPR.
While the mechanistic underpinnings of vasospasm are incompletely understood, it is well appreciated that the risk of vasospasm directly correlates with the volume and distribution of SAH, as clot lysis and erythrocyte degradation products can induce large-vessel vasoconstriction and microvascular dysfunction, increase inflammation and oxidative stress, and promote blood-brain barrier dysfunction. 5, 12, 22, 23 Therefore, our observation of an increased risk of symptomatic vasospasm following IPR may simply relate to the greater burden of SAH and contrast material in these patients. In contrast to our observations with respect to symptomatic vasospasm, we observed only a trend toward a greater rate of angiographic vasospasm in those patients who suffer rerupture events, but the difference did not reach statistical significance, possibly due to our small sample size. Interestingly, of the 47 patients who developed angiographic vasospasm in the cohort without an IPR, only 26 (55.3%) were symptomatic, whereas 6 (85.7%) of the 7 patients in the IPR group with angiographic vasospasm eventually developed referable symptoms. Brain injury is known to occur immediately after aneurysm rupture via impaired cerebral blood flow with associated cerebral ischemia.
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Accordingly, homeostatic mechanisms that regulate ICP and cerebral blood flow are compromised in aSAH, and this dysregulation is likely magnified following rerupture events, such that patients with an IPR who have angiographic vasospasm may be more prone to develop referable neurological symptoms from this vasospasm. This same phenomenon is not observed during intraoperative aneurysm rupture (IOR) during microsurgical clipping. Sheth et al. reviewed 75 IORs in 500 patients at the University of California, San Francisco, and demonstrated no difference between patients with or without an IOR in the rates of either angiographic vasospasm (66% vs 65%, respectively) or symptomatic vasospasm (36% vs 41%, respectively). 20 Following an IOR, the blood is cleared from the operative field by irrigation and suction, and patients are, therefore, not often subjected to an increased amount of SAH postoperatively. In addition, during a craniotomy, the intracranial compartment is no longer a closed space. Thus, when an aneurysm reruptures during clipping, patients do not have the same acute rise in ICP that patients who suffer IPR experience.
Following aSAH, hydrocephalus is reported to occur in 20% to 30% of patients, with approximately 10% of patients eventually requiring VP shunt placement for permanent CSF diversion, irrespective of treatment modality. 6, 8 While the exact mechanism by which hydrocephalus develops after aSAH is poorly understood, it is generally thought that fibrosis of the arachnoid granulations leads to impaired CSF absorption with consequent communicating hydrocephalus. The Cooperative Aneurysm Study reported several risk factors for the development of symptomatic hydrocephalus, 7 with admission neurological status, radiographic hydrocephalus, increased SAH, and vasospasm being several significant factors. While admission Hunt and Hess, modified Fisher, and BNI grades did not differ between our study cohorts, all patients with a rerupture event had a significant increase in their SAH burden, mostly in a diffuse distribution. Accordingly, 11 (91.7%) of 12 patients with an IPR required placement of an EVD, and 6 of these 11 patients required a permanent shunt.
CARAT reported periprocedural death and disability in 63% of patients, and Cloft and Kallmes reported a 33% risk of death and 5% risk of disability in patients following IPR during coil embolization, but few studies have examined long-term outcomes in this patient population. 2,4 Zhang et al. followed 12 patients for a median of 14 months after IPR and noted complete recovery in 7 patients and 1 death. 24 Similarly, Luo et al. followed 10 patients for a median of 20.5 months and noted good recoveries (mRS score ≤ 2) in 6 patients, moderate disability in 1 patient (mRS score 4), and 3 deaths.
14 At a median of 4.5 months, Levy et al. found 4 of 6 patients to be free of disability or dependence and 2 patients had died. 13 In our series, at a median of 23.5 months of follow-up, 7 of 12 patients were free of either disability or dependence (mRS score ≤ 2), 4 patients had moderate disability (mRS score 3-5), and 1 patient had died during hospitalization. In effect, the risk of death or dependency following an IPR, therefore, in this series was 41.7%, compared with 36.8% in the group of patients with an uncomplicated coil embolization procedure. While a significant portion of patients did experience an acute neurological decline following IPR, as evidenced by the difference in Hunt and Hess grades before and after endovascular coiling, not all of these patients went on to have a poor clinical outcome. The reason for this is likely multifold. Prompt recognition of IPR by the neurosurgeon, neurointerventionalist, and neuroanesthesiologist can result in the implementation of immediate corrective actions to reduce continued rupture, including coil deployment, SBP control, and heparin reversal. In addition, 7 of 12 patients had an EVD in place during IPR, allowing for a rapid normalization of ICP and a reduction in secondary brain injury. Finally, advancements in SAH-specific neurocritical care strategies and vasospasm detection and management have allowed focused interventions to improve patient outcomes following aSAH with or without IPR. 9 An additional aspect of IPR that must be considered when analyzing the risk of vasospasm and need for CSF diversion is the presence of contrast material in the subarachnoid space. All cerebral angiography in our study was performed with an iopromide contrast agent (Ultravist, Bayer HealthCare LLC). To our knowledge, the effect of radiographic dyes within the subarachnoid space on the cerebral vasculature and CSF absorption mechanisms has not been studied. Karstoft et al., however, demonstrated that rabbit coronary arteries undergo segmental vasoconstriction when exposed to iodinated contrast media. 10 As cerebral arteries lack a robust adventitial layer and external elastic lamina, 18 it is possible that the cerebral vasculature may be exquisitely sensitive to contrast agents. Moreover, like blood, contrast material is more viscous than CSF, and its presence in high concentrations in the subarachnoid space may reduce CSF resorption through the arachnoid villi, leading to hydrocephalus.
Our study has the limitations inherent in any single-institution, retrospective series. Compared with the number of total admissions for aSAH, the number of patients with IPR in our case series is quite small. Therefore, while several comparisons in our study met statistical significance, such observations should be validated in larger populations and across multiple high-volume centers. In addition, while the difference was not statistically significant, patients with an IPR had greater than twice the median length of follow-up. As a result, patients with aneurysm rerupture were allowed more time to "recover" than patients with uncomplicated coil procedures, perhaps explaining the lack of any differences in mRS classifications between the 2 groups. Finally, in our series, patients were only considered to have an IPR if there was observable contrast extravasation intraprocedurally or on postprocedural CT head imaging. Cases in which patients were noted to have an endovascular device outside the confines of the aneurysm but did not have a noted hemodynamic response intraprocedurally nor the presence of contrast in the subarachnoid space on postprocedural CT imaging were analyzed as having had no IPR event.
conclusions Aneurysm rerupture during coil embolization is a rare complication, but its occurrence is associated with an increased risk of symptomatic vasospasm and need for temporary and permanent CSF diversion. Thus, the presence of an IPR event should alert the treating neurosurgeon, neurointerventionalist, and neurocritical care physician to these potential complications, which may trigger early, focused therapies to reduce morbidity and mortality. In this series, long-term functional outcomes did not differ between patients with aneurysm rerupture during treatment and those with uncomplicated coil embolization procedures. To validate our observations, a study with larger sample sizes incorporating patients across numerous high-volume centers should be conducted.
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